Introduction
Recently, the White House Office of Science and Technology Policy issued a national call to action to improve Science, Technology, Engineering, and Mathematics (STEM) education through the use of active learning [1] . The call encourages educators at all levels to use active learning strategies to better prepare students to meet the nation's growing demand for jobs in science and technology fields. In an active learning approach, rather than watching or listening to the instructor or following cookbook-like lab procedures, students work collaboratively in small groups on carefully crafted classroom or laboratory activities. The activities are designed to engage students in higherorder cognitive processes when presented with new concepts or open-ended questions, to help them develop connections, and ultimately to construct their own knowledge [2] . A rich literature exists advocating for changes in lecture and lab format [3] [4] [5] [6] [7] , and studies show that student-centered methods of instruction such as small-group collaborative learning, inquiry, and projectbased activities appear more effective in improving students' performance and retention [8, 9] . Furthermore, traditional laboratory experiments do not lead to desired learning outcomes such as problem-solving skills, critical thinking, the ability to design and implement experiments, and apply knowledge in real-world settings [2, 10] .
Educators associated with the Analytical Sciences Digital Library (ASDL) [11] have been long-term proponents of active learning curriculum and, over the years, have developed an online collection of materials in the area of chemical analysis and instrumentation, including in class and laboratory activities and contextual modules [12] .
In an effort to involve students in lab experiences that engage them in the analytical process, I have developed a curriculum based on open-ended research projects usually dictated by a community partner. The approach is intended to engage students in all aspects of the process, from researching the experimental procedures that best suit the research question, to assembling the required materials and supplies, executing the experiments and analyzing, interpreting, and reporting the data.
The activities described are implemented in an Analytical Chemistry Laboratory course. This is an upper division course that students typically take in their second or third year of college. Although students have been introduced to some techniques such as titrations or spectroscopic analysis (UVVis and atomic absorption spectroscopy) in the general chemistry laboratory, this course represents the first exposure to more rigorous analytical work. The class meets twice a week for a 3-h block lab during the course of 10 weeks and has a typical enrollment of 20 students. Experiments range from traditional wet methods such as determining water hardness by EDTA titration to instrument-based techniques, including chromatography, spectroscopy, and electrochemistry. Emphasis is placed on comparing results obtained on the same samples using different techniques. Broad research questions are pursued in collaboration with community partners who are interested in the outcome of the analyses but are also invested in providing real-world learning opportunities to students.
Specific examples of laboratory projects
Over ten different projects have been pursued during the last 10 years in collaboration with community partners. Some recent examples include: In designing the lab activities, I kept in mind the guidelines on what constitutes active learning in a laboratory environment. These guidelines, developed by a team of ASDL educators, are outlined in Table 1 .
Active learning strategies vary during the course of the term starting from guided inquiry and progressing to an independent group project. A breakdown of lab activities conducted on a weekly basis is presented in Table 2 .
At the beginning of the term, students are introduced to the research question by a scientist representing the community partner. The scientist outlines the goals of the project in the context of a broader mandate specific to that organization. For example, in one instance, a field biologist from the US Forest Service described efforts in understanding the impact of different grazing practices on salmon restoration. The project revolved around a creek located in a US Forest Service experimental research station along which different grazing practices were implemented. The scientist identified specific sites and helped students design a sampling plan to monitor water quality in the stream. Other examples of themes and case studies used to provide a real-world context for projectbased analytical labs can be found on the ASDL Active Learning Curriculum Materials [12] .
After students are introduced to the project, they are provided with maps of the area so that they can devise a sampling plan to be implemented during a field trip to the area under study. During the first week of the term, they learn about fundamental concepts on how to design a sampling plan and obtain and prepare samples for analysis. An excellent discussion on sampling and sample preparation can be found in Chap. 7 of the free textbook Analytical Chemistry 2.0 by David Harvey [13] . Students are then divided into small groups and given the task to design a specific sampling plan that includes the number of sites to sample, the amount of water to collect, and how to treat samples for long-term storage. During the field trip, sites are identified by GPS coordinates and mapped for reporting purposes.
In this approach to teaching labs, the outcome of the analyses is not known. Some of the general analysis protocols are provided, although students still have to figure out details of the procedure. For the final project, students must research the literature and devise a procedure to carry out the analyses.
Several analyses are conducted on-site using simple field kits and probes while more involved analyses are conducted back in the lab on water samples collected at the different sampling sites and brought back for longer-term storage. Table 3 summarizes typical experiments conducted on-site and off-site. Part of the goal in conducting such measurements using different tools is for students to develop a sense of their appropriateness based on different sensitivities and detection limits. A discussion of the different analytical approaches and details of experimental procedures can be found in the contextual module End Creek: Spotted Frogs and Aquatic Snails in Wetlands -A Water Quality Investigation published on the ASDL site [12] .
In the second part of the term students transition to an independent lab project which, in this particular example, dealt with the determination of chlorinated pesticides by Students must use critical thinking skills to develop a hypothesis and/or devise a procedure to solve the problem following appropriate aspects of laboratory safety Students will either carry out the procedure by observing and collecting information or be provided data when they have determined the correct measurements to make
When experiments are performed, students must make decisions about their design and execution, taking into account aspects of safety Students will use appropriate methods to validate their measurements Students will process the information that is collected or provided (e.g., describe, tabulate, summarize, calculate)
Students will draw conclusions from the information that is collected or provided and support those conclusions Students will usually report on their findings in written and/or oral form Lab project -report to community partner AAS atomic absorption spectroscopy, ISE ion-selective electrode, IC ion chromatography gas chromatography-mass spectrometry (GC-MS). Each group prepares a proposal in where, on the basis of a review of published methods, they choose the appropriate method of analysis, develop a list of lab supplies, and outline, to the best of their abilities, the experimental protocol. An excellent resource that provides activities related to the use of GC-MS for the determination of chlorinated pesticides in water is the contextual module Environmental Analysis -Lake Nakuru Flamingos: Pesticides [12] . After being introduced to GC-MS, students are directed to research EPA method 525.2 and provide details on the type of chromatographic and solid-phase extraction (SPE) columns best suited for analysis. Quantitation may be challenging depending on the course level but qualitative analysis can be reasonably implemented using chlorinated pesticides standards.
Learning outcomes and assessment
Several learning outcomes can be achieved by using active learning, open-ended activities in an analytical chemistry laboratory course. Basing the lab on an authentic research experience challenges students to operate more independently and seek strategies and solutions that help them develop analytical skills. Students are involved with all aspects of the analytical process from developing a sampling strategy to devising and carrying out the experimental procedure based on published methodologies and analyzing and interpreting the results. Other learning outcomes address communication skills such as learning to communicate to different audiences, and understanding regulatory policies. Overall, working with a community partner help students become more aware of local issues and use scientific knowledge to benefit the community. Multiple tools are used in the course to assess the impact of active learning laboratory experiments on students' learning. These include individual laboratory reports structured as research papers, a final presentation to the community partner, and a reflection paper on the overall experience. Pre-and post-test assessments can also be administered. For example, Fig. 1 compares the percentage of correct answers for a 15 multiple choice question quiz designed to assess the impact of lab activities on students' understanding of sampling, sample preparation for analysis, preparation of standards, dilutions, and calibration curves. This assessment, conducted over the past 5 years (N = 100), indicates increase in student understanding of fundamental concepts related to sampling, purpose of standards, and instrument calibration. A representative sample of questions is reported in Table 4 .
The reflection paper provides a chance for students to comment on their lab experience both in terms of their ability to learn new concepts and apply them to the solution of a new problem. Some common positive comments as well as concerns typically emerge. Students highly praise the opportunity to conduct analyses in the field. By being exposed to all aspects of an analysis, from collecting and preserving samples, to choosing an appropriate method of analysis, gathering reagents and supplies, and conducting the measurements, they feel these activities reinforce their knowledge of concepts discussed in class. Many students appreciate the opportunity to collaborate with a community partner. The collaboration brings a sense of purpose and ownership to the analyses. It helps students become more aware of concerns related to local environmental issues and the fact that there are federal and local regulations to safeguard the environment. However, students also voice concerns about the way the lab is conducted. Some find the project overwhelming and lament limited time to perform the analyses. They dislike not having a developed procedure and wish that detailed instructions had been provided. The final report to the community partner is also considered by a few as overwhelming while others feel uncomfortable reporting results that they do not deem accurate because of limited time to repeat the analyses. 
Challenges and successes
There are a number of inherent challenges associated with the implementation of active learning lab activities, although many positive outcomes can be identified. Table 5 outlines challenges and successes that this author has observed over the course of several years and several renditions of lab activities. If working with a community partner, the choice of organization and nature of the project is paramount to the success of the course. The community partner has to understand the limitations posed by working with undergraduates with limited analytical experience and the project has to be narrowed down to where it can be reasonably completed over the time frame of the course with the available instrumentation. Students struggle researching and interpreting the literature, particularly translating written procedures into experimental steps. Labs can be chaotic and it is very challenging for one instructor to provide adequate guidance even with a class of 20 students or less. However, by the end of the term, students display much more independence and self-confidence. They gain a completely different perspective on what it takes to implement an analysis and develop a deeper understanding of the procedures and instrumentation used. The group work and divided responsibilities along with interacting with the community partner also provide valuable experience for future employment.
Conclusion
The implementation of an active learning analytical laboratory curriculum based on open-ended projects poses numerous challenges and careful attention must be given to the choice of project. Much time and effort is required of the instructor and students to successfully complete the analyses but the payoff is worth the struggle. Students gain hands-on knowledge, sharpen critical thinking skills, and improve lab skills while gaining self-confidence and independence. 
